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SUMMARY 

Many parasitic helminth infections induce Th2-type immune 
responses and engage the regulatory network. In this study, 
we specifically investigated the influence of antigens derived 
from different life stages of the helminth Trichinella spiralis 
on the polarization of naive CD4 + T cells by dendritic cells. 
Results obtained from C57BL/6 mice showed that T. spiralis 
derived antigens have the capacity to induce bone marrow- 
derived dendritic cells to acquire an incompletely mature phe- 
notype that promotes a significant proliferation of naive 
CD4 + T cells and a mixed Thl/Th2 cytokine profile with the 
predominance of Th2 cytokines. Increased production ofIL-4, 
IL-9, IL-10 and IL-13 accompanied increased IFN-y. Fur- 
thermore, dendritic cells pulsed with T. spiralis antigens did 
not induce an increase in the population of Foxp3 + T regula- 
tory cells. Although other helminth antigens have demon- 
strated the capacity to induce de novo generation of Foxp3 + 
T regulatory cells, here our in vitro studies provide no evidence 
that T. spiralis antigens have this capacity. 

Keywords dendritic cells, Foxp3 + Treg cells, Thl/Th2 polar- 
ization, Trichinella spiralis 

INTRODUCTION 

Infection with helminth parasites can alter the host's 
immune response (1,2). In order to maintain their life cycle, 
helminths have to modulate the host immune response in a 
fashion that would enable their long-term survival in the 
host organism (3). Helminth infections have been shown to 
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potently induce a Th2-type immune response (4-6). The 
association of helminths and their products with a Th2- 
type response supports the hypothesis that a Th2 response 
is protective against helminth parasites and beneficial for 
the host (7,8). It has also been suggested that helminth par- 
asites have the ability to reduce Thl- as well as Th2-medi- 
ated responses by strongly promoting immunoregulatory 
pathways of the immune response (9,10). A very important 
role in maintaining immune homeostasis is ascribed to reg- 
ulatory T cells (Treg), because they have the ability to 
actively suppress the immune response (11,12). Various 
populations of regulatory T cells contribute to the mainte- 
nance of this equilibrium and establishment of controlled 
immune responses (13). Treg cells are divided into two main 
subsets: 'natural' CD4 + CD25 + Foxp3 + Treg cells, which 
develop in the thymus and 'inducible' Treg cells, e.g. iTreg 
that are Foxp3 + and Trl or Th3 cells that are Foxp3~. They 
develop in the periphery from conventional naive CD4 + 
T cells upon exposure to antigen. Both types of Treg cells 
are engaged in the response to various infections including 
a variety of helminths. The nature of Treg-mediated sup- 
pression still remains controversial and requires further 
investigation (14). 

Among the proposed mechanisms by which helminths 
modulate the immune system, one is based upon their abil- 
ity to alter the maturation of dendritic cells (DCs) (15). 
Dendritic cells represent a very important link between 
innate and adaptive immunity, and they are influenced by 
various pathogens to orchestrate the immune response (16). 
A number of in vitro studies have shown that some helminth 
products, like the excretory-secretory (ES) antigens derived 
from Nippostrongylus brasiliensis (5), the soluble egg anti- 
gen (SEA) of Schistosoma mansoni (17) and the ES-62 gly- 
coprotein of Acanthocheilonema vitae (18), can induce Th2 
immune responses via DCs. On the other hand, helminth 
antigens like the ES and adult products of Heligmosomoides 
polygyrus bakeri do not promote a Th2 response but rather 
induce Treg cells under similar conditions (11,15). 
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Trichinella spiralis (T. spiralis) is a helminth with three 
life stages, all of them occurring in a single host. After the 
ingestion of T. spiralis infected muscle, the released infec- 
tive larvae (LI) undergo the maturation process to the 
adult reproductive stage within the intestine. Adult para- 
sites produce newborn larvae that migrate to skeletal mus- 
cle, where they develop to the LI stage and trigger 
differentiation of muscle cells into a so-called nurse cell. 
Encysted larvae can remain within nurse cells for many 
years (19). Each T. spiralis life stage is characterized by 
the production of distinctive antigens, and each of these 
may influence the immune response of the host in its own 
way. Infection with T. spiralis is accompanied by the accu- 
mulation of FoxP3 + Tregs in the infected muscles during 
the chronic phase of infection (14). Except for this report, 
there are no data on the role of Foxp3 + Treg cells during 
the immune response provoked by T. spiralis and there is 
a lack of information concerning the ability of different 
T. spiralis antigens to induce the generation of Foxp3 + 
Treg cells via DCs in vitro. The aim of this work was to 
investigate the influence of antigens from different life 
stages of T. spiralis on DC maturation and T cell polariza- 
tion in vitro as well as their capacity to influence existing 
and de novo Foxp3 + T cell populations. In this paper, we 
demonstrate that different T. spiralis antigens induce 
mixed Thl/Th2 immune responses in vitro via DCs but 
they do not impact on the existing Foxp3+ cell population 
or induce de novo populations. 

MATERIALS AND METHODS 

Parasites, isolation of different life stages and prepara- 
tion of antigens 

Parasite T. spiralis, strain ISS161, was maintained by serial 
passage on Wistar rats at the Institute for the Application 
of Nuclear Energy (healthy animals were bred at the Insti- 
tute for medical research, Military Medical Academy, Bel- 
grade, Serbia). 

Trichinella spiralis infectious muscle larvae (LI) were 
recovered from infected Wistar rats by a modified method 
described by Gruden-Movsesijan et al. (20). Briefly, diges- 
tion of carcasses was performed in prewarmed digestion 
fluid (1% pepsin in 1% HC1, pH: 1.6-1.8) for 45 min at 
45°C with constant stirring. Muscle larvae were then 
allowed to sediment. The pepsin-HCl solution was removed 
by aspiration and LI infective larvae were washed with saline. 

Excretory-secretory antigens were collected from LI 
muscle larvae cultivated in complete DMEM medium 
(Sigma Aldrich Gmbh, Steinheim, Germany) supple- 
mented with 10 mM HEPES, 2 mM L-glutamine, 1 mM 
Na-pyruvate and 50 U/mL pen/strep. Culture fluid was 
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harvested after 18-20 h, filtered through a 0.2 um filter, 
concentrated and stored at -20°C. 

Muscle larvae crude extract (MLCr) was prepared by 
sonification of LI larvae, resuspended in phosphate buffer 
saline (PBS), on a Potter-Elvehem tissue homogenizer, 
with constant cooling, until the cuticle was disrupted. The 
resulting suspension was centrifuged at 20 000 xg for 
30 min at 4°C. Supernatant was dialysed in PBS, pH 7, 2. 
and stored at -20°C. 

High mannose component antigen (HMC-Ag) was pre- 
pared from MLCr using a concanavalin A-agarose column 
(ICN Biomedicals, Irvine, CA, USA) equilibrated by 0.1 m 
acetate buffer, pH 6. MLCr diluted in PBS, with final con- 
centration of 1 mg/mL, was bound to the column for 2 h. 
Fractions enriched with mannose were evaluated with 
0.2 m M-methilmanoside (Sigma Aldrich). Fractions with 
maximal protein content were joined, dialysed in PBS and 
stored at -20°C. 

Excretory-secretory products of adult T. spiralis were 
obtained according to the procedure described by Gamble 
(21). Wistar rats, 4-5 months old, were infected with 
15 000 LI larvae, killed 6 days after infection, and adult 
parasites were isolated from their intestine. Intestine were 
cut longitudinally and transversely into 2-3 cm pieces, 
washed in cold PBS and incubated on a mesh at the top of 
conical dish filled with Hanks balanced salt solution 
(HBSS) for 3 h at 37°C. Adult parasites were sedimented 
on the bottom of the dish and afterwards incubated in 
complete DMEM (Sigma Aldrich) enriched with 10 mM 
HEPES, 2 mM L-glutamine, 1 mM Na-pyruvate and 
50 U/mL pen/strep, for 20 h at 37°C in a humidified incu- 
bator. After cultivation, adult parasites were separated 
from newborn larvae (NBL) by spontaneous sedimentation 
in conical tubes. NBL were isolated by centrifugation on 
400 x g for 10 min and treated with sodium salt of deoxy- 
cholic acid in an ultrasonic homogenizer. Soluble fractions 
of NBL were separated from insoluble ones by centrifuga- 
tion at 20 000 xg, for 20 min at 4°C. Medium with adult 
ES products was filtered through a 0.22 um membrane 
(Millipore, Billerica, MA, USA) and concentrated on an 
AMICON Ultrafiltration system (Millipore). All protein 
concentrations were determined by spectrophotometry and 
stored at -20° C. All T. spiralis antigens preparations were 
LPS free (demonstrated via Polymyxin B test). 

Generation of bone marrow-derived DCs 

Bone marrow-derived DCs (BMDCs) were generated from 
8-week-old female wild-type C57BL/6 mice. Mice were 
maintained at the animal facility of the Faculty of Life 
Sciences, University of Manchester, UK, under specific 
pathogen-free conditions. 
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BMDCs were produced according to the procedure 
described by Lutz et al (1999) with slight modifications. 
Briefly, bone marrow was collected from the femurs of 
C57BL/6 mice and passed through a 100 urn Falcon cell 
strainer (BD Biosciences, Bedford, MA, USA) to remove 
debris and clumps. Red blood cells were lysed by Ack 
buffer (Sigma Aldrich) and remaining cells were washed in 
culture medium - complete RPMI 1640 (PAA Laboratories 
Gmbh, Pasching, Austria) supplemented with 2% FCS 
(PAA Laboratories Gmbh), 10 Mm HEPES (Sigma 
Aldrich), 2 mM L-glutamine (Gibco, Carlsbad, CA, USA), 
100 U/mL penicilin, 100 ug/mL streptomycin and 50 um 
2-mercaptoethanol (Sigma Aldrich). Cells were resus- 
pended at 2 x 10 6 cells per Petri dish (100 mm) in 20 mL 
of complete RPMI 1640 medium supplemented with 10% 
FCS and mouse recombinant GM-CSF (40 ng/mL) (eBio- 
science, San Diego, CA, USA). Cells were maintained at 
37°C in a humidified C0 2 incubator and were fed on days 
3 and 6. On day 8 of cultivation, nonadherent and low- 
adherent cells were harvested and purified on a LS MACS 
column using anti-CD 11c magnetic beads (Miltenyi 
Biotec, Auburn, CA, USA). The purity of the obtained 
cell population was 98% CDllc+, as determined by FACS 
analyses after staining with FITC labelled anti-mouse 
CDllc antibodies (eBioscience). These cells were used as 
immature BMDCs for the experiments. 

In vitro BMDCs stimulation assay 

Immature BMDCs were cultivated in 6-well plates at 
5 x 10 6 cells/well in 3 mL of complete RPMI 1640 medium 
enriched with 10% FCS (PAA laboratories Gmbh) and 
40 ng/mL mouse recombinant GM-CSF (eBioscience). 
BMDCs were cultured in medium alone (control group), in 
the presence of 200 ng/mL Escherichia coli LPS (Sigma 
Aldrich) or they were pulsed with 50 ug/mL of different 
T. spiralis antigens (crude muscle larvae antigen - MLCr; 
high mannose components antigen (HMC-Ag); excretory- 
secretory products of LI muscle larvae - ES LI; excretory- 
secretory products collected from adult parasites - AdES; 
or a soluble extract of newborn larvae - NBLAg) for 48 h. 
At day 10, supernatants were collected for cytokine quanti- 
fication by Cytometric Bead Array (CBA) and cells were 
harvested for analyses of co-stimulatory marker expression 
by FACS and for co-cultivation with T lymphocytes. 

Co-cultivation of CD4 + T cells with BMDCs 

For evaluation of T cell proliferation by BMDCs, CD4 + 
T cells were isolated from mesenteric lymph nodes of naive 
C57BL/6 mice and purified by positive selection using 
anti-CD4 magnetic beads (Miltenyi Biotec) following the 



manufacturer's instructions. The purity was 93% CD4 + cells, 
as determined by FACS analysis. Purified CD4 + T cells were 
labelled with 5 um carboxyfluorescein diacetate succinimidyl 
ester - CFSE (Invitrogen) and resuspended at 2.5 x 10 6 /mL. 
Previously harvested BMDCs (nonstimulated and stimu- 
lated with LPS or T. spiralis antigens) were resuspended at 
5 x 10 5 /mL. CD4 + T cells and BMDCs were then seeded 
into 48-well plates to obtain a final T cell/BMDCs ratio of 
5:1. Co-cultures were incubated for 48 h at 37°C, and after 
that, 20 U/mL of mouse recombinant IL-2 (Peprotech Inc., 
Rocky Hill, NJ, USA) was added. Following an additional 
incubation of 72 h, cells were harvested, washed, resus- 
pended in fresh medium and seeded into 48-well flat-bottom 
cell culture plate coated with 3 ug/mL anti-mouse CD3 anti- 
body (BD Pharmingen). After 48 h of incubation at 37°C, 
supernatants were collected for the quantification of 
cytokines and cells were harvested for the FACS analyses of 
T cell proliferation and phenotype. 

Cytokine quantification 

The cytokine profile of BMDCs was estimated by measur- 
ing IL-10, IL-12p70, IL-6 and TNF-a in BMDCs culture 
supernatants. The capacity of BMDCs to polarize a T cell 
response was determined according to the cytokine 
production of CD4 + T cells after co-cultivation with 
stimulated or nonstimulated BMDCs. The cytokine profile 
of T cells was estimated by measuring IL-4, IL-9, IL-10, 
IL-13 and IFN-y in cell culture supernatants. All above- 
mentioned cytokines were quantified using a CBA test 
(BD Biosciences) following manufacturers instructions. 

Phenotypic characterization of BMDCs and T cells 

For cell surface staining, 1 x 10 6 cells were washed and trea- 
ted with Fcy-blocking reagent (eBioscience) in FACS buffer 
(PBS with 0.1% BSA and 0.05% NaN 3 ) for 30 min on ice. 
BMDCs were then incubated with the following anti-mouse 
antibodies: FITC-conjugated anti CDllc, PE-conjugated 
anti CD80, CD86 and OX40L, APC-conjugated anti MHC 
II, biotin-conjugated anti ICAM 1 (all from eBiosciences). 

To characterize the phenotype of CD4 + T cells, cells 
were surface stained as described above using the follow- 
ing anti-mouse antibodies: FITC-labelled anti CD4 and 
PE-labelled anti CD25 (both purchased from eBioscience). 
After washing, intra-cellular staining was performed using 
Foxp3 Staining Buffer Set and APC labelled anti-mouse 
Foxp3 antibody (all from eBioscience). Flow cytometry 
was performed on a FACSCalibur (BD Bioscience, Missis- 
sauga, Canada). At least 10 000 gated events were 
acquired per sample, and data analysis was performed 
with FlowJo software. 
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Treg conversion assay 

In order to check the potential of different T. spiralis anti- 
gens to induce de novo generation of Foxp3 + T cells medi- 
ated by dendritic cells in in vitro conditions, a Treg 
conversion assay was performed. Splenocytes were isolated 
from spleens of OT-II/Ragl _/ ~ mice, an OVA-specific 
TCR-transgenic strain. Mice were maintained at the ani- 
mal facility of the Faculty of Life Sciences, University of 
Manchester, UK, under specific pathogen-free conditions. 
Splenocytes were treated with Fcy-blocking reagent (eBio- 
science) and afterwards stained with 3 ug/mL of FITC 
labelled anti-mouse CD4 and PE labelled anti-mouse 
CD25 antibodies (eBioscience) for 30 min on ice. After 
washing, the CD4 + CD25~ cell population was sorted on 
a FACS Aria (BD Bioscience). The purity was 99% CD4 + 
CD25" cells, as determined by FACS analysis. 

Previously harvested BMDCs (nonstimulated and stimu- 
lated with LPS or T. spiralis antigens) were seeded in 96- 
well round-bottomed cell culture plates at 2.5 x 10 3 cells/- 
well. CD4 + CD25" T cells were added at 5 x 10 4 cells/well 
to obtain a final CD4 + CD25" T cell/BMDCs ratio of 
20:1. OVA (323-339; Sigma-Aldrich) was added in each 
well to a final concentration of 0.2 ug/mL. Co-cultivated 
cells were divided into three groups treated with: 
40 ug/mL anti-TGF-P (ID 11) antibody as negative con- 
trol (R&D Systems, Minneapolis, MN, USA), 2 ng/mL 
TGF-P as positive control (R&D Systems) or 40 ug/mL 
of control mouse IgG (Sigma Aldrich). On days 1 and 3 
of cultivation, rhIL-2 (Peprotech) was added in each well 
to a concentration of 5 ng/mL. On day 4, cells were har- 
vested and surface stained for CD4 and CD25, as well as 
intra-cellular stained for Foxp3 (eBioscience; according to 
manufacturer's protocol), as described above. Flow cytom- 
etry was performed on a FACSCalibur (BD Bioscience). 
At least 10 000 gated events were acquired per sample, 
and data analysis was performed with Flow Jo software. 

Statistical analysis 

Data are presented as mean ± SEM. Statistical analyses 
were performed using Student's unpaired, two-tailed r-test 
or one-way anova as appropriate. 

RESULTS 

Antigens from different life stages of T. spiralis induce 
incomplete maturation of BMDCs 

In order to assess whether pulsing BMDCs with different 
T. spiralis antigens alters maturation, nonstimulated 
BMDCs and BMDCs stimulated with LPS (stimuli that 



induces complete maturation of DCs and subsequent Thl 
polarization in T cells) or T. spiralis antigens were analy- 
sed for the expression of surface markers and secretion of 
cytokines. Based on the expression of the surface markers 
MHC II, ICAM 1, CD80, CD86 and OX40L on CDllc + 
cells, the data indicated that none of the T. spiralis antigen 
preparations induced the full maturation of BMDCs. 
While LPS induced full maturation of BMDCs, defined by 
a significant increase in the expression of MHC II and all 
co-stimulatory molecules, all the T. spiralis antigens 
induced only a moderate increase in the expression of 
MHC II, a significant increase in the expression of CD80 
and CD86 and a nonsignificant increase in the expression 
of ICAM 1 and OX40L. In contrast, the mannose 
enriched derivate of muscle larvae antigen (HMC-Ag) 
induced the complete maturation of BMDCs, similar to 
the effect observed with LPS (Figure 1, Table 1). 

BMDCs pulsed with T. spiralis antigens produce both 
pro- and anti-inflammatory cytokines 

In addition to determining the expression of surface mark- 
ers on BMDCs, we measured the cytokines produced by 
these cells in response to different T. spiralis antigens, in 
comparison with medium or LPS-treated BMDCs. Cyto- 
kine profiles of the T. spiralis stimulated BMDCs 
(Figure 2) showed that all applied T. spiralis antigens 
induced significantly elevated production of the pro- 
inflammatory cytokines IL-12p70, IL-6 and TNF-cx, com- 
pared to DCs cultivated in medium alone. However, the 
production of IL-12p70 in response to T. spiralis antigens 
is significantly lower compared to LPS-stimulated produc- 
tion. Parasite antigens also induced a high increase in the 
anti-inflammatory cytokine IL-10 compared to controls 
(nonstimulated BMDCs and LPS-stimulated DCs). 

Trichinella spiralis antigens induce the proliferation of 
naive CD4 + T cells mediated by BMDCs 

The capacity of T. spiralis stimulated BMDCs to induce 
the proliferation of T cells was investigated by co-cultiva- 
tion of BMDCs pulsed with different T. spiralis antigens 
and naive CD4 + T cells labelled with CFSE (Figure 3). 
BMDCs stimulated with T. spiralis antigens induced a 
2-3-fold increase in the percentage of proliferating cells 
compared to controls (nonstimulated BMDCs). 

Mixed Thl/Th2 polarization of CD4 + T cells activated 
by BMDCs pulsed with T. spiralis antigens 

The potential of different T. spiralis antigens to induce 
BMDCs to polarize the immune response of co-cultured 
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Figure 1 Expression of surface markers on mouse BMDCs pulsed with LPS and Trichinella spiralis antigens for 48 hrs (full dark line) as 
compared with untreated cells (dotted line). Isotype controls are shown with light grey shading. Results are representative of five experi- 
ments, each of which gave similar results. 



CD4 + T cells was examined by the cytokine profile of 
co-cultured cells (Figure 4). Results showed that all 
applied T. spiralis antigens induced a mixed Thl/Th2 



profile. The production of the Th2 cytokines IL-4, IL-9, 
IL-13 and IL-10 was highly increased compared to nonsti- 
mulated BMDCs. As for the Thl cytokine, IFN-y, all 
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Table 1 Expression of the surface markers on mouse BMDCs: untreated cells, cells pulsed with LPS (positive control) or with different 
Trichinella spiralis antigens for 48 h. Results were obtained by flow cytometry and represent a mean value ± SEM of the results from five 
independent experiments, performed in triplicates. Mean fluorescent intensity (MFI) and per cent of cells positive for the different surface 
markers (% pos). *P < 0.05, **P < 0.01, ***p < 0.001 represent statistically significant difference to the nonstimulated BMDCs (cultured 
in medium) 
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Figure 2 Production of IL-10, IL-12p70, IL-6 and TNF-a by BMDCs cultivated in medium alone (control), LPS or Trichinella spiralis 
antigens. Cytokine levels were measured in cell culture supernatants using a Cytometric Bead Array. Data are means ± SEM of one experi- 
ment carried out in triplicate, representative of four independent experiments. **P < 0.01 ***P < 0.001 represents statistically significant 
difference to the BMDCs cultured in medium. ###P < 0.001 represents statistically significant difference to the LPS-stimulated BMDCs. 



applied T. spiralis antigens provoked significant produc- 
tion of this cytokine compared to nonstimulated BMDCs. 
Nevertheless, this production was much lower than the 
production of IFN-y provoked by LPS-stimulated 
BMDCs. LPS-stimulated BMDCs did affect the produc- 



tion of IL-10 and IL-13, but had no effect on IL-4 and 
IL-9. The results clearly show that T. spiralis antigens 
induce highly elevated production of the typical Th2 
cytokines IL-4 and IL-9 compared to the production 
induced by LPS. 
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Media LPS MLCr HMC-Ag ES L1 Ad ES NBL 

Figure 3 Proliferation of CD4 + T cells cultured with stimulated 
or non-stimulated BMDCs. CD4 + T cells were isolated from mes- 
enteric lymph nodes of C57BL/6 mice, labeled with CFSE and 
co-cultured for 7 days with BMDCs (non-stimulated, stimulated 
with LPS or Trichinella spiralis antigens) in the presence of 
recombinant mouse IL-2 and anti-CD3 antibody. Data are mean- 
s ± SEM of one experiment carried out in triplicate representative 
of four independent experiments and they are expressed as the 
percentage of proliferating cells. ***p < 0.001 represents statisti- 
cally significant difference to the non-stimulated BMDCs. 



Influence of BMDCs stimulated with T. spiralis antigens 
on CD4 + CD25 + T regulatory cell population 

In order to evaluate the potential of T. spiralis antigens to 
expand/induce Foxp3 + T cells in vitro, we measured the 
percentage of CD4 + CD25 + Foxp3 + T regulatory cells in 
the resulting population of CD4 + cells from C57BL6 mice 
after cultivation with BMDCs stimulated with T. spiralis 
antigens compared to controls (CD4 + cells cultivated with 
nonstimulated BMDCs or stimulated with LPS). The 
obtained results showed that LPS does not increase 
the percentage of Foxp3 + cells. At the same time, none of 
the applied T. spiralis antigens induced the elevation in the 
percentage of Foxp3 + T cells (Figure 5). 

Because Foxp3 + T cells represent only a small percent- 
age of the total T cell population, it is hard to distinguish 
whether T. spiralis antigens affect the Foxp3 + population 
of cells in in vitro conditions when stimulated BMDCs 
were co-cultured with the complete CD4 + T cell popula- 
tion. In order to estimate their impact on de novo induc- 
tion of Foxp3 + expression on T cells, BMDCs stimulated 
with T. spiralis antigens were cultured with CD4 + CD25~ 
T cells isolated from OTII mice on a Ragl -/ ~ background 
(which contain no Tregs). Cells were cultured in the pres- 
ence of anti-TGF-p antibody (1D11) as a negative control, 
TGF-P as a positive control or control mouse IgG. The 
results showed that none of the applied T. spiralis antigens 
induced de novo expression of Foxp3 on T cells (Figure 6). 
In the group of cells cultivated in the presence of TGF-P, 
which potently induces Foxp3 + cells, all T. spiralis antigens 
except ES LI, decreased the percentage of Foxp3 + T cells 



compared to the control (medium) in a similar manner to 
LPS. The results clearly show that antigens from all T. spi- 
ralis life stages do not induce de novo Foxp3 expression in 
T cells under in vitro conditions and the majority actually 
reduce Treg induction. 

DISCUSSION 

The maturation status of DCs, characterized by the 
expression of surface markers and cytokine production, 
has a major impact on the polarization of the immune 
response triggered by pathogens. There is evidence that 
the activation of DCs in response to parasitic helminth 
antigens leads to incomplete maturation (22,23). Results 
obtained in this study examining the effect of T. spiralis 
antigens derived from the different life stages of the para- 
site, showed that none of these T. spiralis antigens tested 
(MLCr, ES LI, Ad ES, NBL) induced the complete matu- 
ration of mouse BMDCs. These results correlate with our 
previous results obtained in a rat model system (24) and 
those obtained by authors who investigated the impact of 
antigens derived from S. mansoni (17,25-27), N. brasi lien- 
sis (5) or A. suum (22) on DC maturation. Langelaar et al. 
(28) showed that T. spiralis excretory-secretory antigens 
completely abolished the surface marker expression of 
E. coli LPS stimulated DCs, but did not affect DC matu- 
ration induced by LPS from Neisseria meningitides. 

As it was described that changes in carbohydrate struc- 
ture can influence the capacity of antigens to induce the 
maturation of DCs and subsequently to polarize the 
immune response (29), we performed the partial purifica- 
tion of MLCr and created a concentrated antigen with 
high mannose content (HMC-Ag). Here, we show that this 
T. spiralis antigen was able to induce the complete matura- 
tion of mouse DCs, similar to the effect observed with 
LPS. The ability of purified and concentrated components 
with high mannose content to induce a different matura- 
tion profile compared to native T. spiralis antigens, could 
be explained by the fact that multimerization of ligands, 
as well as their concentration, influence the number of 
engaged receptors and cross-linking, and this has a great 
impact on the intensity and duration of signalling cascades 
in activated DCs (30). 

Besides the expression of DC surface markers, cytokine 
production by T. spiralis stimulated DCs presents an 
important signal for the initiation and regulation of 
immune responses. All applied T. spiralis antigens induced 
an increased production of pro-inflammatory (IL-6, 
IL-12p70 and TNF-a) as well as anti-inflammatory (IL-10) 
cytokines by BMDCs. This result does not correlate with 
previous findings that claimed that the elevated levels of 
IL-10 suppress the production of IL-12p70 (31,32). However, 
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Media LPS MLCr HMC-Ag ES L1 Ad ES NBL 

Figure 4 Production of IL-4, IL-9, IL-13, IL-10 and IFN-y by purified CD4 + T cells, stimulated with BMDCs pulsed with different Trichi- 
nella spiralis antigens. CD4 + T cells were isolated from mesenteric lymph nodes of naive C57BL/6 mice and co-cultured for 7 days with 
BMDCs (non-stimulated and stimulated with LPS or 7; spiralis antigens) in the presence of recombinant mouse IL-2 and anti-CD3 anti- 
body. Data are mean value ±SEM of triplicates in Cytometric Bead Array. Results represent one out of four independent experiments. 
***P < 0.001 represents statistically significant difference to the non-stimulated BMDCs. #P < 0.05, ##P <0.01, ###P < 0.001 represents 
statistically significant difference to the LPS-stimulated BMDCs. 



there are many pathogens that induce both pro- and anti- 
inflammatory cytokines to different extents but they all 
result in a Th2 or mixed Thl/Th2 responses (33-35). The 
proliferation assay showed that DCs stimulated with dif- 
ferent T. spiralis antigens have the capacity to present 
those antigens to naive T cells, e.g. DCs whether matured 
(pulsed with HMC-Ag) or partially matured (pulsed with 
MLCr, ES LI, Ad ES, NBL) induce significantly elevated 
proliferation of CD4 + T cells compared to controls. This 
correlates with the results of other authors who showed 
that parasite antigens, derived from L. brasiliensis (33) and 
L. major (36), induce incomplete DC maturation, but that 
these DCs are capable of presenting parasitic antigens to 
naive T cells and induce significant proliferation. 

The impact of T. spiralis antigens on the polarization of 
immune responses, mediated by DCs, was determined 



according to the cytokine profile created by CD4 + T cells 
co-cultivated with T. spiralis stimulated BMDCs. All 
applied T. spiralis antigens induced an increase in Th2 
cytokines IL-4, IL-9 and IL-13, the Thl cytokine IFN-y 
and also IL-10. The antigen with enriched mannose con- 
tent, HMC-Ag, induced the most prominent increase in 
the production of all investigated cytokines compared to 
the control. HMC-Ag had a greater impact on the produc- 
tion of IFN-y even compared to the effect of LPS that is 
a well known Thl stimulus. This result implies that this 
mixture of antigens, purified according to carbohydrate 
composition, contains antigens rich in sugars and able to 
trigger different arms of the immune response as a reac- 
tion to T. spiralis. The obtained results indicate that all 
investigated T. spiralis antigens induce a mixed Thl/Th2 
cytokine profile with the predominance of Th2 cytokines. 
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FL2-H FL2-H FL2-H 

1 ► CD25+ 

Figure 5 Foxp3 + cells within the CD4 + population of T cells isolated from mesenteric lymph nodes of C57BL/6 mice cultured with 
BMDCs (non-stimulated and stimulated with LPS or Trichinella spiralis antigens) for 7 days in presence of recombinant mouse IL-2 and 
anti-CD3 antibody. Results are representative of four experiments, each of which gave similar results. 



T. spiralis antigens induced a highly significant elevation 
of Th2-specific cytokines, e.g. IL-4 and IL-9 compared to 
the effect of LPS (Thl stimulus). As it is known that IL-9 
is a potent Th2 adjuvant and has an important role in the 
induction of a Th2-type response (37) and that IL-4 is 
important for the establishment and maintenance of a Th2 
response, results presented in this study indicate that 
T. spiralis antigens from all three life stages of the parasite 
contribute to the development and maintenance of a Th2 
response. 



According to the high amounts of IL-10 produced by 
CD4 + T cells after the co-cultivation with T. spiralis stimu- 
lated BMDCs, it could be presumed that Treg cells are 
present in the resulting population of T cells. There are a 
number of results showing the importance of Treg cells in 
modelling the immune response provoked by parasites 
(9,38). Some chronic parasite infections (like those with 
Heligmosomoides polygyrus bakeri, Schistosoma mansoni 
and Acanthocheilonema. vitae) induce a regulatory response 
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Figure 6 Percentage of CD4 + CD25 + Foxp3 + cells in the resulting cell population after co-cultivation of CD4 + CD25 - cells from 
OTII/Ragl _/_ mice with BMDCs pulsed with different Trichinella spiralis antigens or LPS in the presence of 1D11 antibody (negative con- 
trol), TGF-(3 (positive control) or control mouse IgG. Results are representative of four experiments, each of which gave similar results. 
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via an increase in the proportion of CD4 + CD25 + Foxp3 + 
T cells besides Th2 responses (38,39). 

Our results showed that T. spiralis antigens do not 
induce an increase in the number of CD4 + CD25 + Foxp3 + 
T cells in vitro. The disproportion between the result 
obtained for the percentage of Foxp3 + cells and one con- 
sidering the level of IL-10 produced by stimulated CD4 + 
T cells could be explained by the fact that IL-10 can be 
the product of Foxp3 T regulatory cell populations (13,40) 
or by Th2 cells (41). 

In order to check whether antigens derived from differ- 
ent life stages of T. spiralis have the ability to induce de 
novo generation of Foxp3 + T cells in vitro, we performed 
the co-cultivation of CD4 + CD25~ T cells isolated from 
OT II mice, on a Ragl _/ ~ background, with T. spiralis 
stimulated BMDCs. The results clearly show that antigens 
from all T. spiralis life stages do not readily induce Foxp3 
expression in T cells in vitro. In fact, T. spiralis antigen 
preparations appear to reduce Foxp3 conversion in 
response to TGF-p\ It is known that the Thl and Th2 
cytokines IFN-y and IL-4 are sufficient to block Foxp3 + 
induction (42,43) and so, because the applied antigens pro- 
voked an increased production of IL-4 and IFN-y, the 
presence of these cytokines could have prevented the 
induction of Foxp3 + Treg cells. Unlike our results, it has 
been recently shown that ES antigens derived from Heli- 
gmosomoides polygyrus bakeri and Teladorsagia circum- 
cincta have a TGF-P mimicking effect and are capable 
of inducing de novo generation of Foxp3 + Treg cells (11). 
The authors did not observe this phenomenon with ES 
antigens derived from Haemonchus contortus and Nippo- 
strongylus brasiliensis, which suggests that release of TGF-(3 
ligands is not a general feature of all helminth parasites. 
One possible explanation of differences in Treg induction 
between parasites is the difference in life cycles of the 
nematodes. Heligmosomoides polygyrus bakeri adult worms 
benefit from Treg induction and a suppressed immune 
response as a chronic infection allows an increase in intestinal 
egg production while mmimizing host pathology. Alternatively, 
adult T. spiralis worms require only a short period of time 
in the intestine to produce newborn larvae that require a 
period of around 15 days to develop into nurse cells allow- 
ing the life cycle of the parasite to continue upon death of 
the host. Too many newborn larvae can result in extensive 
pathology and death, before nurse cell formation is 
complete, thus preventing the completion of the life cycle. 



Therefore, Treg induction is not beneficial to T. spiralis 
during the intestinal phase as it prefers a strong immune 
response to indirectly control the magnitude of the 
newborn larvae released systemically to prevent potential 
host death. Treg cells were observed by other authors (14) 
during the muscle phase of the infection, after newborn 
larvae have established, which suggests that it is beneficial 
for the survival of the parasite during the nurse cell phase 
of infection. Our results in vitro with T. spiralis antigens 
from all life stages including muscle larvae antigens did 
not correlate with the above-mentioned results obtained in 
vivo. The reason for that could be that the whole network 
of different mediators present in vivo may contribute to 
the increase in the Foxp3 + cell populations in the infected 
host, but these conditions could not be reproduced in vitro. 
DCs may respond to helminth infection by sensing stress 
signals or tissvie damage inflicted by helminths or their 
products. The presence of these signals during infection 
can induce such modulation of DCs that would conse- 
quently lead to a fine-tuned immune response consisting 
of Th2 and Treg responses in vivo. In conclusion, we 
demonstrated that BMDCs exposed to T. spiralis antigens 
from different life stages of the parasite lack the 
conventional characteristics required for complete DC 
maturation. Nevertheless, as expected, they clearly possess 
the capacity to present parasite antigens to naive T cells. 
Immune responses provoked by T. spiralis stimulated 
BMDCs in vitro could not be described as 'classical' 
Th2 and Treg responses, and it rather represents a mixed 
Thl and Th2 response. In the described conditions, 
BMDCs cultivated with T. spiralis antigens can induce nei- 
ther the expansion of natural Treg cells present in the pop- 
ulation of naive T cells nor de novo expression of Foxp3 in 
T cells. 

ACKNOWLEDGEMENTS 

Ilic N., Gruden-Movsesijan A. and Sofronic-Milosavljevic 
Lj. were supported by the Ministry of Science and Tech- 
nological Development, Republic of Serbia, Grant No. 
143047. Ilic N. was the recipient of a travel grant from the 
Ministry of Science and Technological Development, 
Republic of Serbia. Travis M.A. and Worthington J.J. are 
supported by the BBSRC. Grencis R.K. is supported by 
the Wellcome Trust. 



REFERENCES 



1 Raush S, Huehn J, Kirchhoff D, et al. 
Functional analysis of effector and regula- 
tory T cells in a parasitic nematode infection. 
Infect Immun 2008; 76: 1908-1919. 



2 Solbach W & Lucius R. Parasite evasion. In 
Kaufmann S & Steward M. (eds): Topley and 
Wilson Microbiology and Microbial Infections, 10th 
edn. London, UK, Hodder Arnold, 2005: 675-691. 



3 Belkaid Y, Blank RB & Suffia I. Natural 
regulatory T cells and parasites: a common 
quest for host homeostasis. Immunol Rev 
2006; 212: 287-300. 



©2011 Blackwell Publishing Ltd, Parasite Immunology, 33, 572-582 



581 



TV. Ilic et al. 



Parasite Immunology 



4 Everts B, Smits HH, Hokke CH, et al 
Helminths and dendritic cells: sensing and 
regulating via pattern recognition receptors, 
Th2 and Treg responses. Eur J Immunol 
2010; 40: 1525-1537. 

5 Balic A, Harcus Y, Holland MJ, et al Selec- 
tive maturation of dendritic cells by Nip- 
postongylus brasi/iensis-secreied proteins 
drives Th2 immune responses. Eur J Immunol 
2004; 34: 3047-3059. 

6 Turner JD, Faulkner H, Kamgno J, et al 
Th2 cytokines are associated with reduced 
worm burdens in a human intestinal hel- 
minth infection. J Infect Dis 2003; 188: 
1768-1775. 

7 Finkelman FD, Shea-Donohue T, Morris 
SC, et al Interleukin-4- and interleukin-13- 
mediated host protection against intestinal 
nematode parasites. Immunol Rev 2004; 201: 
139-155. 

8 Else KJ. Have gastrointestinal nematodes 
outwitted the immune system. Par Immunol 
2005; 27: 407^115. 

9 Maizels RM, Balic A, Gomez-Escobar N, 
et al. Helminth parasites - masters of regula- 
tion. Immunol Rev 2004; 201: 89-116. 

10 Babu S, Blauvelt CP, Kumaraswami V, et al 
Regulatory networks induced by live para- 
sites impair both Thl and Th2 pathways in 
patent lymphatic filariasis: implications for 
parasite persistence. I Immunol 2006; 176: 
3248-3256. 

1 1 Grainger JR, Smith KA, Hewitson JP, et al 
Helminth secretions induce de novo T cell 
Foxp3 expression and regulatory function 
through the TGF-p* pathway. J Exp Med. 
2010, doi: 10.1084/jem.20101074. 

12 Sakagushi S, Ono M, Setoguchi R, et al 
Foxp3 + CD25 + CD4 + natural regulatory 
T cells in dominant self-tolerance and autoim- 
mune disease. Immunol Rev 2006; 212: 8-27. 

13 Belkaid Y & Tarbell K. Regulatory T cells in 
the control of host-microorganism interac- 
tions. Annu Rev Immunol 2009; 27: 551-589. 

14 Beiting DP, Gagliardo LF, Hesse M, et al 
Coordinated control of immunity to muscle 
stage Trichinella spiralis by IL-10, Regulatory 
T Cells, and TGF-p. J Immunol 2007; 178: 
1039-1047. 

15 Segura M, Su Z, Piccirillo C, et al Impair- 
ment of dendritic cell function by excretory- 
secretory products: a potential mechanism 
for nematode-induced immunosuppression. 
Eur J Immunol 2007; 37: 1887-1904. 

16 Lipscomb MF & Masten BJ. Dendritic cells: 
immune regulators in health and disease: 
asymmetry in divergent pathways. Phys Rev 
2002; 82: 97-130. 

17 Cervi L, MacDonald A, Kane C, et al Cut- 
ting edge: dendritic cells copulsed with 
microbial and helminh antigens undergo 
modified maturation, segregate the antigens 
to distinct intracellular compartments, and 
concurrently induce microbe-specific Thl 



and helminth-specific Th2 responses. 
J Immunol 2004; 172: 2016-2020. 

18 Whelan M, Harnett MM, Houston KM, 
et al. Filaral nematode-secreted product sig- 
nals dendritic cells to acquire a phenotype 
that drives development of Th2 cells. 
/ Immunol 2000; 164: 6453-6460. 

19 Furze RC, Culley FJ & Selkirk ME. Differ- 
ential roles of the co-stimulatory molecules 
GITR and CTLA-4 in the immune response 
to Trichinella spiralis. Microbes Infect 2006; 
8: 2803-2810. 

20 Gruden-Movsesijan A, Ilic N & Sofronic- 
Milosavljevic LJ. Lectin-blot analyses of 
Trichinella spiralis muscle larvae excretory- 
secretory components. Parasitol Res 2002; 
88: 1004-1007. 

21 Gamble HR. Larval (LI) antigens for the 
serodiagnosis of trichinellosis in swine and 
other species. In Campbell WC, Pozio E & 
Bruschi F. (eds): Trichinellosis. Roma, Italy, 
Istituto Superiore di Sanita Press, 1993: 223- 
230. 

22 van Riet E, Hartgers FC & Yazdanbakhsh M. 
Chronic helminth infections induce immuno- 
modulation: consequences and mechanisms. 
Immunobiology 2007; 212: 475^90. 

23 MacDonald AS & Maizels RM. Allarming 
dendritic cells for Th2 induction. I Exp Med 
2008; 205: 13-17. 

24 Ilic N, Colic M, Gruden-Movsesijan A, et al. 
Characterization of rat bone marrow den- 
dritic cells initially primed by Trichinella 
spiralis antigens. Par Immunol 2008; 30: 491- 
495. 

25 Thomas PG, Carter MR, Atochina O, et al 
Maturation of dendritic cell 2 phenotype by 
a helminth glycan uses a Toll-like receptor 
4-dependent mechanism. J Immunol 2003; 
171: 5837-5841. 

26 Jenkins SJ & Mountford AP. Dendritic cells 
activated with product released by Shisto- 
some larvae drive Th2 type immune response 
which can be inhibited by manipulation of 
CD40 costimulation. Infect Immun 2005; 73: 
395-402. 

27 Marshall FA & Pearce JE. Uncoupling of 
induced protein processing from maturation 
in dendritic cells exposed to a highly antigenic 
preparation from a helminth parasite. 
J Immunol 2008; 181: 7562-7570. 

28 Langelaar M, Aranzamendi C, Franssen F, 
et al Suppresion of dendritic cells matura- 
tion by Trichinella spiralis excretory/ secre- 
tory products. Parasite Immunol 2009; 31: 
641-645. 

29 Van Vliet SJ, Garcia- Vallejo JJ & van Kooyk 
Y Dendritic cells and C-type lectin receptors: 
Coupling innate to adaptive immune 
responses. Immunol Cell Biol 2008; 86: 580- 
587. 

30 Thomas PG & Harn DA. Immune biasing 
by helminth glycans. Cell Microbiol 2004; 6: 
13-22. 



31 Sallusto F & Lanzavecchia A. The instruc- 
tive role of dendritic cells on T-cell 
responses. Arthritis Res 2002; 4(suppl3): 
S127-S132. 

32 Kane CM., Cervi L, Sun J, et al Helminth 
antigens modulate TLR-initiated dendritic cell 
activation. J Immunol 2004; 173: 7454- 
7461. 

33 Carvalho LP, Pearce EJ & Scott P. Func- 
tional dichotomy of dendritic cells folowing 
Interaction with Leishmania braziliensis: 
infected Cells Produce High Levels of TNF- 
a, whereas Bystander Dendritic Cells Are 
Activated to Promote T Cell Responses. 
J Immunol 2008; 181: 6473-6480. 

34 Vasquez RE, Xin L & Soong L. Effects of 
CXCL10 on Dendritic Cell and CD4 + 
T-Cell Functions during Leishmania amazon- 
ensis Infection. Infect Immun 2008; 76: 161- 
169. 

35 Shaw J, Grund V, Durling L, et al. Dendritic 
cells pulsed with recombinant Chlamydial 
major outer membrane protein antigen elicit 
a CD4 + type 2 rather than type 1 immune 
response that is not protective. Infect Immun 
2002; 70: 1097-1105. 

36 Wiethe C, Debus A, Mohrs M, et al Dendritic 
cell differentiation state and their interaction 
with NKT Cells determine Thl/Th2 differen- 
tiation in the murine model of Leishmania 
major infectionl. I Immunol 2008; 180: 4371- 
4381. 

37 Leech MD & Grencis RK. Induction of 
enhanced immunity to intestinal nematodes 
using IL-9-producing dendritic cells. J Immu- 
nol 2006; 176: 2505-2511. 

38 Finney CAM, Taylor MD, Wilson MS, et al 
Expansion and activation of CD4 + CD25 + 
regulatory T cells in Heligmosomoides polygy- 
rus infection. Eur J Immunol 2007; 37: 1874- 
1886. 

39 Wilson MS, Taylor M, Balic A, et al. Sup- 
pression of allergic airway inflammation by 
helminth induced regulatory T cells. J Exp 
Med 2005; 202: 1199-1212. 

40 Rodrigues OR, Marques C, Soares-Clemente 
M, et al. Identification of regulatory T cells 
during experimental Leishmania infantum 
infection. Immunobiology 2009; 214: 101- 
111. 

41 Helmby H & Grencis RK. Contrasting roles 
for IL-10 in protective immunity to different 
life cycle stages of intestinal nematode para- 
sites. Eur I Immunol 2003; 33: 2382-2390. 

42 Wei J, Duramad O, Perng OA, et al. Antago- 
nistic nature of T helper 1/2 developmental 
programs in opposing peripheral induction 
of Foxp3 + regulatory T cells. Proc Natl Acad 
Sci USA 2007; 104: 18169-18174. 

43 Belkaid Y. Regulatory T cells in infection 
and autoimmunity; role of Foxp3-positive 
regulatory T cells during infection. Eur 
J Immunol 2008; 38: 901-937. 



582 



© 2011 Blackwell Publishing Ltd, Parasite Immunology, 33, 572-582 



